Characteristics
of acceleration frequency spectra for an impact signal were studied and loose part mass was estimated, using variation in the frequency spectral patterns. The frequency spectral pattern for the acceleration induced by impact depends on the loose part mass and not on the impact energy and the loose part shape.
It was found that the frequency spectral pattern for an impact which occurred at the lower plenum vessel wall is not influenced by the impact point.
On the other hand, the maximum acceleration amplitude depends not only on the loose part mass but also on the impact energy, the loose part shape and the distance from the impact point.
It was also found that the foremost portion of the accelerometer output signal is influenced by the impact force between a loose part and the vessel.
However, a second portion is influeuced by the sensor resonance and structural resonances. Loose part mass estimation, using "FR" values (ratio between low frequency component and high frequency component), is useful.
The uncertainty range for the estimated loose part mass is about 0.7 decade. KEYWORDS 
II. IMPACT SIGNAL CHARACTERISTICS
For study on impact signal characteristics, time and frequency domain acceleration signal analysis were performed. For the experimental study, an actual size (140 mm thick vessel) and 1/10 sector (38d) mock-up facility of a BWR-4 lower plenum, as shown in Fig. 1 , was used. For evaluation of loose part monitoring in a BWR plant, the lower plenum is most important place to be monitored.
The maximum flow rate for this facility is equal to the rated jet pump flow rate for a BWR-4 plant.
Several kinds of simulated loose parts were dropped into the mock-up plenum from the upper part (A). They descend with the coolant flow and collide with the inner wall. Acceleration signal, caused by the collision between a loose part and the inner wall, was measured by accelerometers attached to the outer surface of the mock-up wall (see Fig. 13 ). The accelerometer output signals were amplified by a charge amplifier and then analyzed by a transient recorder and/or a spectrum analyzer. Time histories for the accelerometer output signal for a spherical loose part are shown in Fig. 2 . The maximum amplitude is inclined to increase with the loose part mass increase.
Frequency spectra for impact signals, obtained by different weight spherical loose parts, are shown in Fig. 3 . The 12 ms sampling time and 4,096 sampling data are used for analysis. The frequency spectra magnitude increases over the whole frequency range, when the loose part mass increases.
Relative magnitude increase in the frequency around 13 kHz is small, when compared with the magnitude increase below 10 kHz. To clarify this phenomenon, a detailed time history for the impact signal was studied. The first part of the impact signal, shown in Fig. 2(c) , was picked out and is shown in Fig. 4 and G, the impact energy for 100% flow rate is considered to be 10~25 times as large as that for 0% flow rate. Figure  7 shows that the frequency spectra difference for different impact energy is small compared with frequency spectra difference for different loose part mass.
Impact Surface Effect
Impact signal characteristics, according to the impact surface, were studied. In this study, 3 types of impact hammer head were used (Fig. 8) . force was also measured, using a force guage as well as vessel wall acceleration. Figure  9 shows a time history for the impact force and acceleration signal for 4 and 8 mmp spherical impact hammer heads.
The duration time of impact force is about 100 ms and the acceleration signal appears at 170 ms after the impact force signal. The accelerometer is located about 50 cm from the impact point. The time history for the impact force is discussed later.
Maximum amplitudes for impact force and acceleration signal for each impact hammer head are shown in Fig. 10 . It was found that impact force magnitude and acceleration signal for the different impact heads show different values, even if the same head mass and impact energy are given. Frequency spectra for the different hammer heads are shown in Fig. 11 . A frequency peak at around 13 kHz appears in every data. To evaluate the loose part mass in the lower plenum, three or four accelerometers will be enough.
Sensor Position Effect
To obtain the spectral pattern for the different sensor position, the impact signal spectral pattern for a different accelerometer position was analyzed (Fig. 13) In conclusion, for a given accelerometer position, the spectral pattern depends on loose pass mass, but it does not depend on the impact energy or the impact surface of the loose part. It was also concluded that small spectral pattern change is observed for the loose part impact in the lower plenum.
In the present experiment, background noise is sufficiently low compared with the impact signal.
To evaluate the loose part mass in an actual plant, it is necessary to pick up impact signals which show good S/N ratio. 
III. LOOSE PART MASS EVALUATION TECHNIQUE USING FREQUENCY SPECTRA
As mentioned previously, the acceleration signal spectra do not depend on the impact energy and the shape of the impact surface but depend on the loose part mass. This fact means that loose part mass in the lower plenum is able to be estimated from the frequency spectrum, as follows :
(1) Compare the frequency spectra for the obtained acceleration signal with the frequency spectra obtained by the simulated loose part impact.
(2) Estimate the loose part mass using the ratio between low and high frequency component. In order to estimate the loose part mass, it is necessary to obtain the frequency spectra for simulated loose parts with different mass values beforehand, so they can be used as standard frequency spectra.
The reason is that frequency spectra for different sensor positions show different patterns, especially at the higher frequency region. When standard spectra for many kinds of simulated loose parts are obtained, a comparison between obtained and standard spectra is useful.
However, when only a few standard spectra are obtained, the ratio between low and high frequency component ("FR" value) is preferable.
To evaluate the relation between the "FR" value and the loose part mass, the "FR" values for spherical, cylindrical and cubical loose parts were obtained, as shown in Fig. 14 .
To know the influence of the impact energy, the "FR" values, obtained under 50 and 100% flow rates, are also shown. The frequency range should be chosen, depending on the loose part mass and the S/N ratio.
In this experiment, low frequency components from 1 to 6 kHz were chosen because the dominant frequency for the loose part masses from 0.03 to 0.37 kg corresponded to these frequency range.
The high frequency components for 10 to 16 kHz were chosen, because a higher S/N ratio is obtained. It was found that the "FR" values increase with an increase in loose part mass and is not influenced by the shape of the loose parts and impact energy.
The uncertainty range for the estimated mass, that corresponds to the length of the blocked line in the mass axis direction, is about 0.7 decade.
On the other hand, mass estimation, using maximum acceleration amplitude, was also studied(4). The maximum acceleration depends not only on the loose part mass but also on the impact energy, the shape of the loose part and the distance from the impact point. The uncertainty range for the estimated mass is more than 2.5 decades.
IV. IMPACT SIGNAL THEORY AND DISCUSSIONS
This chapter reports results of theoretical studies on the impact signal. Assume that a spherical loose part with velocity v collides against a disk. Deformations appear in the loose part and the disk, which are caused by the reaction force. The impact force f (t) is approximated by Hertz's elastic deformation theory(5)(6). The loose part deformation and the disk center deformation are given by
where hs(t) : Impulsive response function for loose part hd(t) : Impulsive response function for disk.
The deformation at the disk center is given by given by (8) From Hertz's theory, the impact force is given by the following equations (APPENDIX)
an: Loose part mass T0: Duration time for impact force.
The deformation in the disk, after the loose part rebounds from the vessel wall, is given by (10)
If impact force f(t) is given, disk deformation by the loose part impact is given by Eqs. (5) and (10). For a small size disk, f(t) is approximated by (7), (12) where q is the function determined by the loose part mass, impact energy and so on. Figure 15 shows the impact force patterns obtained by the spherical head impact hammer and the impact force calculated by Eq. (9) or (12). These curves are normalized at the maximum value.
It was found that the impact force is simulated by Eq. (9) or (12). When disk radius R is given, the disk deformation is calculated by Eqs. (5) and (10). In the case of a sphere and disk impact, the time history and frequency spectra for the foremost part of the deformation velocity show a pattern similar to that for the impact force(5)(7). This means that the acceleration signal pattern for the impact between sphere and disk can be given by the differentiation of the impact force. However, in the case of the present experiment, it is very difficult to settle radius R, because the vessel is not flat and pipes are welded to the vessel wall. From Fig. 15 , impact force duration was about 100 ms. This time period corresponds to one cycle of the accelerometer signal at the foremost part, as shown in Fig. 9 . Therefore, it was found that the correspondence between the duration time for the impact force and the period of the acceleration is applicable to the present experiment.
The relation between duration time T for the impact force and the loose part mass,
were given by Hertz's theory(5)(8).
As the dominant requency is obtained by the inverse of T, the dominant frequency for the foremost part of the acceleration signal is calculated as shown in Fig. 16 . The loose part velocity was measured, utilizing a strobocsope.
The dominant frequency coincides with the peak frequency obtained by the experiment. The result shows that the loose part mass can also be estimated using the first cycle of the impact signal. The disk deformation after the sphere rebounds from the disk is given by Eq. (10). However, in the present case, there are sensor resonance and some structural resonances caused by pipes or structure materials. Therefore, a complicated frequency spectrum will be obtained, which is determined by sensor resonance and the surrounding structure. 
V. CONCLUSION
Relations between accelerometer output frequency spectra and loose part mass, impact energy, loose part shape and the distance from the impact point were studied. Loose part mass estimation, using frequency spectra, was also studied.
The following results were obtained :
(1) The maximum acceleration amplitude depends not only on the loose part mass but also on the impact energy, the loose part shape and the distance from the impact point. ( 2) The frequency spectral pattern, for the acceleration induced by the impact, depends on the loose part mass, and not on the impact energy, the loose part shape and the distance from the impact point. [APPENDIX]
The impact force between a spherical loose part (radius: R and loose part mass: m) and a semi infinite vessel is given by (9) x: loose part velocity.
Vessel displacement x is
As x is zero at t=0 and t=T0 and maximum displacement of the vessel xmax={(5/4)(v2/K)}2/5 is obtained at t=T0/2, the impact force is given as follows :
